An analysis on the conductance of multiwall carbon nanotubes ͑MWNT's͒ is presented. Recent experiment indicated that MWNT's are good quantum conductors. Our theory shows that tunneling current between states on different walls of a defect-free, infinitely long MWNT is vanishingly small in general, which leads to the quantization of the conductance of the MWNT's. With a reasonable simple model, we explicitly show that the conductance of a capped MWNT can be determined by the outermost wall for an infinitely long nanotube. We apply the theory to finite MWNT's and estimate the generic interwall conductance to be negligible compared to the intrawall ballistic conductance.
I. INTRODUCTION
Carbon nanotubes are one of the most interesting new materials discovered in recent years. 1 Considerable theoretical and experimental effort has already been focused on predicting and measuring the properties of various classes of tubes-multiwall nanotubes ͑MWNTs͒, singlewall nanotubes ͑SWNTs͒, and ropes of nanotubes. 2 These materials promise exceptional mechanical strength and unusual electronic properties, hence motivating a great deal of investigation into their use as nanoscale devices. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In this paper we investigate the physics of quantum conductance in the SWNT's and MWNT's. For a perfect SWNT with n band crossing the Fermi level, a naive application of Landauer formula 14, 15 within the one-electron picture would yield a ballistic conductance of nG 0 , where G 0 ϭ2e 2 /h is the quantum unit of conductance. Extending this argument to a MWNT would lead to a ballistic conductance of Gϭ ͚ i G i , where G i is the conductance of the ith wall, if all the walls participate in the transport of electrons. 15 However, for MWNT's with closed caps, recent measurements 19 have indicated that the conductance for such systems is quantized to the value of GϭG 0 . Thus, it appears that effectively only one channel is available for conduction in these multiwall systems, even though most metallic single-wall carbon nanotubes have two bands crossing the Fermi level.
In this work, we argue that this rather surprising finding may be explained by the blocked interwall tunneling current between the states of different walls and that, effectively, only the outermost wall is active in the electron transport when current is injected to the body of a capped MWNT. We first consider a two-wall carbon nanotube. Once we establish the behavior for the two-wall tube, the generalization to multiwall tubes is straightforward. Let the unit cell lengths along the inner and outer tube axes be a in and a out , respectively. Two distinct cases naturally arise: the structure is either commensurate (a in /a out is rational͒ or incommensurate (a in /a out is irrational͒. The first case is easier to dispose of and it illustrates the second case, so we discuss it first. As a concrete example, we may consider a two-wall tube with both walls of (n,n) type. 16 -18 A schematic band structure of this two-wall tube is shown in Fig. 1 . Tunneling of an electron in an unperturbed eigenstate on one wall to one on the other must obey both energy conservation and Bloch wave vector conservation, as the complete structure has a well-defined periodicity in the axial direction. As can be seen from Fig. 1 , for general position of the Fermi level, it is impossible to tunnel between two states at the Fermi level and conserve tube crystal momentum. Thus, for an infinitely long commensurate MWNT, any overlap matrix element ͗ in ͉V͉ out ͘ which would tend to mix the two states at E F will be exactly zero. In this case, if a closed MWNT is immersed in mercury to complete an electrical circuit as described in Ref. 19 , only the outermost wall's electronic states will couple significantly to the liquid metal and so the conductance measured will be that relevant to just the outermost wall. In the case that energy bands are nearly degenerate at very close k vectors, however, interwall interaction can lead to eigenstates with measurable weight at inner walls. 20 It is also possible for tiny gaps or pseudogaps to form at the band crossing points due to the interaction. In practice, the Fermi level is unlikely to be located exactly at the tiny gap region, and the electrical conduction is not affected by the formation of gaps or pseudogaps.
II. THEORETICAL ANALYSIS
The analysis of the incommensurate MWNT is more involved. It is not possible to use conservation of crystal mo- mentum as an exact argument to dispose of any tunneling between states on different walls at E F , as our complete structure does not have long-range periodicity, and hence, no crystal momentum can be defined for the structure as a whole. To investigate the way tunneling occurs among these states, we adopt Bardeen's tunneling Hamiltonian formalism. 21 We demonstrate that there is a selection rule for transition between Bloch states of adjacent walls of an infinite MWNT. Using this simple but reasonable model, we also give an estimate of how well this selection rule holds for finite length MWNT's.
Bardeen's formalism 21 in calculating tunneling current to first order for small voltage and temperature is
͑2͒
The integral is over any surface region within the tunneling barrier. The essential part of the problem is in evaluating the matrix element M . To do this, we expand the wave functions of each isolated wall of the MWNT in terms of localized orbitals in the tight binding approximation or more generally in terms of Wannier functions. Then by suitable rearrangement of terms, we can reproduce the k selection rule of commensurate MWNT's and get similar selection rule for infinite length incommensurate MWNT's. For finite length MWNT's, we modeled the overlap integral needed for the matrix element calculation and estimated the corresponding conductance. We note at this point that, because of the overall cylindrical symmetry of the MWNT's, if out and in are of different rotational symmetry then there will not be any tunneling between the two states. However, we shall set this special case aside, and consider the more interesting general case. We use in and out to index the inner and outer walls of different periodicity. The unperturbed individual wall states ͑with no interwall interaction͒ within a tight-binding model may be written as
To make the analysis simple, we introduce the following quantities:
where S ជ is a cylindrical surface midway between the inner and outer walls. Similarly we define f and ⌫ as the above expressions with in * and out interchanged. With these definitions, we can rewrite the tunneling matrix element as
We note at this point that, from the form of Eqs. ͑2͒-͑4͒,
, for any integer n and m. (G ជ in and G ជ out are the reciprocal primitive translation vector of the inner and outer tube, respectively.͒ We shall make use of this fact in our analysis below.
III. INFINITE MWNT
For a commensurate MWNT, ⌫(k ជ out ,R ជ in ) as a function of R ជ in can only take on a few discrete values for a given k ជ out . This naturally gives rise to the selection rule for k ជ vectors. For the incommensurate case, the problem is nontrivial. ⌫(k ជ out ,R ជ in ) for a specific R ជ in is determined by the relative position of the lattice ͕R ជ out ͖ with respect to the given R ជ in , or equivalently, the distance to the nearest lattice point R ជ out on the right side of this particular R ជ in which takes on the continuous value from 0 to one lattice constant a out of the outer tube. The values of ⌫(k ជ out ,R ជ in ) for different R ជ in 's is then a collection of bounded complex numbers. ͑See Figs. 2 and 3 .͒ Unless k ជ in ϭk ជ out or the special case of k ជ in ϪnG ជ in ϭk ជ out ϪmG ជ out , for some integer m and n,
in complex plane for small k out as given by Eq. ͑12͒. The thin solid line is for k out ϭ0, the thick solid curve is for k out ϭ0.5G out , the dash curve is for k out ϭG out , and the long dash curve is for k out ϭ1.5G out .
is average over bounded fluctuating numbers and converges to zero for an infinite MWNT. The same argument holds for a general n-wall nanotube and establishes quasi crystal momentum conservation for long incommensurate MWNT's, where periodicity can be defined only for each wall individually. This selection rule blocks interwall tunneling current between the states of different walls at E F .
IV. FINITE MWNT
For a finite length MWNT, the sums in Eqs. ͑6͒ and ͑7͒ are over finite number of terms. Still, ⌫(k ជ out ,R ជ in ) can be defined to be an infinite sum with negligible error provided that f decays exponentially and the length of the system is much larger than the characteristic decay length. As for the matrix element M (k ជ in ,k ជ out ), we use the fact that
. For a finite MWNT of length L, we can always find integer m and n such that ͉k ជ out Ϫk ជ in Ϫ(mG ជ out ϪnG ជ in )͉Ͻ2/L. The integers m and n should be restricted to values less than the number of unit cells in the tubes. Then the phase factor in Eq. ͑7͒ may be set to 1 and we can estimate the matrix element to be approximately
V. SIMPLE MODEL
We use the following simple model to calculate the quantity ͗⌫͘ explicitly. Assuming that
where
͑10͒
In evaluating Eq. ͑6͒, let us denote the first lattice vector R ជ out on the right side of the particular R ជ in to be R ជ in ϩ␣ ជ , and the primitive translation vector of the outer tube to be a ជ out . Then
͑12͒
We show the value of ⌫ as a function of R ជ in for some selected values of k out in Figs. 2 and 3 .
For an estimate of ͗⌫͘, we may convert the average over many terms to an average over the continuous variable ␣ assuming that ␣ is uniformly distributed between 0 and a out . Moreover, for any pair (k ជ in ,k ជ out ), once we find
͑13͒
The number of k states for a finite MWNT is of the order of L/a out . Such a set of points, with average spacing of 2/L, may be approximately generated by repeatedly translating vectors of length lG out ͑with lϭ1, . . . ,L/a out ) back to the first BZ defined by G in ͑i.e., lG out ϪkG in ). Thus, for a given k in Ϫk out , the most probable combination mG out ϪnG in which gives crystal momentum conservation for infinite MWNT's. Roughly, the longer the finite MWNT's, the better the selection rule is obeyed. We note that this argument is valid for weakly coupled walls in a MWNT.
So far, we only include the terms from in *ٌ ជ out . Terms from out ٌ ជ in * are of the same order of magnitude. Thus, the most probable value for M is
A is a factor of order 1 and the interwall current I int is given by 
͑17͒
If we put Lϭ1 m, a out ϭ1 Å, we get
and interwall conduction is then negligible. In this analysis, We assume that electrons are injected from outside as eigenstates of the outermost wall at the Fermi level. If electrons are injected as very localized wave packets, the wave packet can be considered as linear combination of eigenstates with broad range of Bloch wave vectors. The time evolution of the wave packet can lead to sizable penetration of electrons into inner walls, 22 which is not surprising because the more localized the wave packet is, the more severely it lacks translational symmetry and the weaker the quasicrystal momentum conservation is. In that case, electrical conductance would be affected by the timedependent spread of the wave packet in the radial direction.
Similarly, MWNT's composed of perfect and incommensurate SWNT's will have only the outermost wall contributing to their STM images. However, if the translational symmetry of one of the constituent SWNT's is broken, interwall interaction may modify the outermost wall images.
VI. CONCLUSION
In summary, we have presented an analysis of the quantum conductance of MWNT's, based on quasicrystal momentum conservation for the weakly coupled onedimensional system, using Bardeen's tunneling Hamiltonian formalism. Using a simple model we show that the conductance of a defect-free MWNT is dominated by the outermost wall, i.e., vanishingly small interwall conductance compared to intratube ballistic conductance for finite but reasonably long MWNT.
